Abstract. Thermal imaging is one of the most promising methods of probing the psychological status of human beings because of its non-invasiveness. The paper focuses mainly on the understanding of fundamental properties of physiological responses to emotional stress and how they can be captured by using thermal imaging techniques. We study the facial image of stressed participants for correlating the thermal imprint and estimated stress marker. While the correlations between the thermal ROI and stress marker (cortisol level & heart beat rate) is not directly significant, facial thermal imprints are sensitive to the emotional stress and have potential to detect stress in real time. Unlike the startle induced instantaneous temperature rise, our experimental results further demonstrate that the temperature in the periorbital region does not increase during the Trier social stress test, but increases after the onset of emotional stress. Overall, the experimental results suggest that facial thermal imaging is a valuable method for the estimation of emotional stress.
Introduction
The research for the detection of human's emotional states from standoff distances without direct contact, have been one of the greatest demands in biomedical, man-machine interfacing, and affective computing sectors. The study is based on the fact that elevated level of adrenaline is secreted into the blood stream when a person is experiencing emotional condition causing stress or excitement, which in turn triggers an elevated heart rate, cortisol level and breathing rates resulting in an increased level of blood perfusion in the body [1] [2] [3] . Previous research has contributed to the progress of the use of contact physiological sensors, such as electroencephalograph (EEG), galvanic skin response (GSR) and others to detect changes in stress levels in humans [4] [5] . However, these methods require substantial cooperation from the subject, such as wearing many sensors daily, which is difficult to obtain in real-world application. Conventional non-invasive methods have largely been using facial expressions [6] for the remote sensing of people's emotional state, however, the facial expressions can be suppressed by will, which makes this approach not robust enough for the detection of emotional stress or malicious intent.
The thermal imaging (TI) system has the advantages of non-invasiveness, versatility and reliability, which has been used in the field of biomedical engineering. Thermal signature of stress was firstly observed by Pavlidis who reported that fright or startle, can be disclosed by the rapid increase of temperature at around periorbital region [7] . The emotions and nature of the thermal print for psycho physiological responses have been studied in the past two decades. Despite a growing interest in the method, thermal imaging has not find access to the field of long-term stress research.
Rather than use a single stressor or startle, we chose to cover a wider spectrum of stressors. A group of Trier social stress test (TSST) stress was applied to the participants. The three psychological stressors for inducing stress in this work were mental mathematics, public speaking (for interview), and recognition-memory tasks. We also wish to see the thermal reaction difference in periorbital region between startle and emotional stress (ES). Moreover, the correlation between thermal imprint and established stress markers were also studied. In summary, we could show that the facial thermal imprints were change-sensitive in TSST. However, there is no direct correlation between stress marker and stress-induced thermal imprint. The experimental result also shows that emotional stress is unable to increase the temperature around periorbital region simultaneously, but witness the temperature arising after the onset of stress. Conversely, startle triggers the instantaneous temperature rise.
Experiment and Data Analysis Experiment Design
The participants were mainly recruited by posting ads in a newspaper. A total of 20 healthy volunteers participated in the experimental trials. The participants fell in the age group of 23-62 years with a mean age of 30.3 years and a standard deviation of 12.62. The FLIR SC7600 thermal IR imager was employed. All the experiments performed in this study were conducted with the following steps: the participants were asked to wear a heart monitor (Garmin and Miroxi type) and were led to a well-illuminated room where they sat down comfortably. A rest time of approximately 5 minutes was given to allow the participants to settle in their new environment. At the same time, thermal images of participants were recorded by the imaging system. After the participants adapt to the environment, a group of TSST emotional stress (ES) was applied to the participants.
Physiological Features as Detected by Thermal Imaging Technique
Blushing in the Face. Blushing in the face has been considered as one of the physiological responses to emotional stress. Further, we have observed a time delay of the blushing to occur when one is under emotional stress. This delay time is found variable from person to person, ranging from seconds to a few minutes. Typical time delays of this kind can be seen from figure 1, which presents example false colour thermalgrams of four subjects who were at their peak heart beat rate (HBR) during the ES, and then the moment when a flushness in their face is observed. The thermalgrams in figure 1 have been threshold and all pixels with temperatures exceeding the threshold temperature have been presented in black colour. The blushing in the face has been almost unnoticeable to the naked eyes in most of the cases. Paling in the Hands. The other signature of emotional stress is the reduction of blood flow into the hands and skins inducing the commonly experienced 'cold hands' when one is in emotional stress. Cold or sweaty hands are not easy to be detected by conventional imaging technique, however, it is seen that the TI can detect the paling and blushing in the face and hand efficiently, as demonstrated in figure 1. The figure presents the false colour thermalgram for a subject when he was (a) relaxed (base line), (b) after emotional stress. The most striking features that stand out from these figures are the observation of the cold hands during and after the ES session, and in many cases it accompanies with a colder nose and at the same time, a flush in the face. It is noted that the hand temperatures can drop by as much as 4-5°C during emotional stress, and when in extreme stress the nose temperatures can be reduced by 1-2°C (figure 3). It is also seen that temperature levels in the mid-forehead areas has increased substantially.
ES Induced Anomaly Temperature in the Periorbital Region. Most researchers in the remote sensing of stress field have commonly adopted the anomaly temperature in the periorbital or suborbital region as the signature and indication of having startle. Rather than using startle, we have performed more detailed analysis in periorbital region when people under emotional stress. We have conducted a detailed analysis hoping to gain more understanding of the blood perfusions mechanisms in the periorbital region when one is under emotional stress. Figure 2 shows the hot pixel counts in the periorbital ROI of the participants throughout the complete experiment. The figure includes three zones of i) the base line when they are introduced to the trial, ii) the ES session where they are given the mental stressor and iii) the rest time after the ES session is over. The plot shows the HBR together with the hot spot pixel counts. The number of hot pixels in the periorbital ROI has not been increased during the short ES session, and the hot pixel count start to climb up after the peaked HBR which can represent the moment when the anxiety has reached to its peak. Moreover, the amount of increase in the number of pixels is in the order of 100-400%.
To understand more details, we have analysed the data by segmenting the periorbital ROI in several temperature zones and to monitor the pixel counts in each zone during the complete ES session. The temperature zones are segmented in steps of 0.1C from the threshold right up to the maximum temperature of the periorbital ROI. Figure 2 . Shows the number of hot pixels above the threshold in the periorbital ROI for three subjects in (a), (b) and (c).
The 3 zones of baseline, under ES and rest are clearly identified. Note that substantial increase of hot pixels counts in the periorbital region happens only a few minutes after the peak of the HBR. Figure 3 . Shows the false colour TI images of the periorbital ROI of a subject during the emotional stress session and rest session. The TI image is overlaid by the hot pixels which are colour coded according to their temperature zones. The hot spots evolve like a growing pyramid with the highest temperature in the centre after the anxiety sets in. Figure 3 shows the false colour TI image of the periorbital region of subject H during the ES session. The TI image overlays the hot pixels which have been colour coded according to their temperature zones. The hot spot begins with a small dot in the periorbital region, and it evolves and gets bigger after the peaked HBR occurs. The growth of the hot spots is in the form of a pyramid, with highest temperature in the centre. The experimental result appears to be not the same as Pavlidis's reported work. There is no instantaneous anomaly temperature around the periorbital region when one is under emotional stress, but increase significantly after the emotional stress session. Therefore, the thermal reaction of emotional stress in the periorbital region is rather different with respect to the startle.
Statistic Analysis
Sharp increases in cortisol level and heart rate of participants are observed. Cortisol level exceeded the critical value of stress (1.5 nmol/L) after the experiment [8] . The statistical analysis further explores the correlation between the establish stress markers and captured thermal imprints through Pearson correlation and critical p values. Experimental results are in good agreement with the expectation.
We further examined the sensitivity between thermal imprints and established stress markers in stress test phase during TSST. The one-way ANOVA was employed. ANOVAs results with simple contrasts. The experimental data demonstrates that periorbital region, forehead, chin, nose, philtrum, face and finger are sensitive to the stress and significant changes over time. This data revealed the same result as what we can see from the thermal image. However, the delay time between stress and thermal facial imprint makes the real time stress detection more complicated. The correlation between thermal imprint and stress markers is presented in table 2. Table 2 illustrates the Pearson correlation between thermal imprint and estimated stress marker. No significant direct correlations between thermal imprints and established stress markers were found in the experiment. In the correlation between temperature and heart rate, only the nose, finger, forehead and philtrum temperatures during experiment correlated at r>0.45. The temperature and cortisol level correlated at 0.41 in the periorbital region. Although the periorbital region temperature is sensitive to the stress, it still cannot correlate the heart rate in real time. This result also proved the delay time of periorbital region temperature. Cortisol levels normally increased until they reached a peak after stressor onset and decreased again thereafter [8] . This may explain why the cortisol level fails to correlate with nose, philtrum and finger significantly. The correlation results further demonstrated that delay time between thermal imprint and stress marker, as well as the delay time of stress marker itself. Even though the direct correlation is not signification, the forehead, nose, philtrum and periorbital region still can be reasonably serve as potential ROI to detect the emotional stress in real time. A solid feature extraction method, in combination with highly correlated thermal signal and established stress marker, should be studied in the next step. 
Discussion
This paper formulates part of the research programme towards the understanding of how human's physiological features can be captured from stand-off distances. By extracting thermal features from different parts of the facial region, it is feasible to arrive at some quantity which can be related to the intrinsic physiological property or functionality. Our work has demonstrated the non-existents of instantaneous increase of temperature in the periorbital region during the emotional stress. However, the ES could trigger temperature increase after the onset of stress. The interesting ROIs are achieved and further demonstrated sensitive to the emotional stress. Even though the blushing in the face and paling in the hands have been proved in the experiment, no significant direct correlations between thermal imprints and established stress markers were found in the TSST experiment. The nose, forehead, philtrum and periorbital region achieved comparatively high correlation value, which has been further demonstrated sensitive to the emotional stress. We have obtained some encouraging results and further works are needed for more understanding of the remote sensing of emotions technology. The next step work will be focus on the real time stress detection using facial thermal imprint. 
